Dehydroascorbic acid-reducing activity in normal human neutrophil lysates was characterized and identified by activity-based purification and measurement of newly synthesized ascorbate by HPLC. The initial reducing activity was non-dialysable and could not be accounted for by the activity of glutathione as a reducing agent. The reducing activity was purified to homogeneity as an 11 kDa protein. The protein had a specific activity of 3 µmol\min per mg of protein and was glutathione dependent. Kinetic experiments showed that the protein had a K m for glutathione of 2.0 mM and a K m for dehydroascorbic acid of 250 µM. Dehydroascorbic acid reduction by the purified protein was pH dependent and was maximal at pH 7.5. Peptide fragments from the purified protein were analysed for amino acid sequence and the protein was identified as glutaredoxin. By using degenerate oligonucleotides based on the amino acid sequence, glutaredoxin was cloned from a human neutrophil library.
INTRODUCTION
Ascorbic acid is accumulated in human neutrophils by two distinct mechanisms. The first involves sodium-dependent ascorbate transport against a concentration gradient [1] [2] [3] [4] . The protein responsible for ascorbate transport remains to be isolated [5, 6] .
The second mechanism for ascorbate accumulation in neutrophils is ascorbate recycling [2, 7] . Oxidants from activated neutrophils oxidize extracellular ascorbate to dehydroascorbic acid [2, 7] . In contrast with ascorbate, dehydroascorbic acid is transported intracellularly by glucose transporters [6, 8, 9] . The rate of dehydroascorbic acid transport is at least 10 times that of ascorbate transport [2] . Once inside cells, dehydroascorbic acid is immediately reduced to ascorbate [2, 7, 10] . Ascorbate recycling results in rapid increases in intracellular ascorbate at the same time that protection is needed from oxidants generated by the neutrophil respiratory burst [2, 6, 7] .
Ascorbate recycling is dependent on rapid intracellular reduction of dehydroascorbic acid. The mechanism of dehydroascorbic acid reduction in neutrophils was uncertain [2, [11] [12] [13] [14] . We recently reported that neutrophil lysates reduced dehydroascorbic acid and that reduction was dependent on glutathione and NADPH [2] . In the present study we characterized the reducing activity in neutrophil lysates as protein-dependent ; the responsible protein was isolated, sequenced, identified as glutaredoxin, cloned and expressed.
EXPERIMENTAL Materials
Ascorbic acid, EDTA, Hepes, Tris\HCl, dithiothreitol and Histopaque 1083 (Ficoll, Type 400 and Hypaque) were purchased * To whom correspondence should be addressed.
Expressed purified glutaredoxin displayed reducing activity and kinetics that were indistinguishable from those of native purified enzyme. Several approaches indicated that glutaredoxin was responsible for the most of the protein-mediated dehydroascorbic acid reduction in lysates. From protein purification data, glutaredoxin was responsible for at least 47 % of the initial reducing activity. Dehydroascorbic acid reduction was at least 5-fold greater in neutrophil lysates than in myeloid tumour cell lysates, and glutaredoxin was detected in normal neutrophil lysates but not in myeloid tumour cell lysates by Western blotting. Glutaredoxin inhibitors inhibited dehydroascorbic acid reduction in neutrophil lysates as much as 80 %. These findings indicate that glutaredoxin plays a major role in dehydroascorbic acid reduction in normal human neutrophil lysates, and represent the first identification of dehydroascorbic acid reductase in human tissue by activity-based purification.
from Sigma. Dextran T-500, Red-Sepharose and Superdex 75 HR were obtained from Pharmacia LKB Biotechnology Inc.
Assays

Dehydroascorbic acid-reducing activity
Reducing activity was determined in 25 µl of 100 mM Tris\HCl buffer, pH 7.5, containing (final concentrations) 0.8 mM reduced glutathione, 0.4 mM NADPH, 400 µM dehydroascorbic acid and appropriate amounts of enzyme. The reaction was initiated by adding dehydroascorbic acid, allowed to proceed for 3 min at room temperature, and terminated by the addition of 35 µl of 90 % (v\v) methanol containing 1 mM EDTA. The final mixture was centrifuged for 10 min at 14 000 g at 4 mC and the supernatant immediately analysed by HPLC. A chemical reaction was simultaneously measured under identical conditions but without enzyme. Where indicated, chemical activity was subtracted from total reducing activity to yield enzymic activity. The amount of reduced dehydroascorbic acid was determined as ascorbic acid by HPLC with coulometric electrochemical detection as described previously [15] . Dehydroascorbic acid was always freshly prepared immediately before experiments [7] .
Protein determination
Protein was measured by the bicinchoninic acid protein assay (Pierce Chemical Co.) [16] . BSA was used as the protein standard.
Isolation of neutrophils
Neutrophil-enriched blood was collected by apheresis from healthy human donors with an automated cell-separator apheresis instrument (Fenwal CS-3000, Baxter Healthcare) [17] . Neutrophils were isolated as described [1, 18] .
Purification of dehydroascorbic acid-reducing activity
Purification steps were performed at 4 mC unless otherwise indicated. Isolated cells [(2-3)i10*] were suspended in 10 ml of 50 mM Hepes buffer, pH 7.5, containing 2 mM PMSF, 5 µg\ml aprotinin and 1 µg\ml leupeptin. Cells were lysed in a cavitator (bomb) at a pressure of approx. 3.45 MPa for 20 min. Cavitated cells were centrifuged at 50 000 g for 30 min. The supernatant was treated with 30-60 % (w\v) ammonium sulphate. The precipitate was collected by centrifugation at 5000 g for 30 min at 4 mC, resuspended in 10 ml of 50 mM Tris\HCl, pH 7.5, then dialysed overnight in 1 litre of 50 mM Tris\HCl, pH 7.5. For initial characterization of reducing activity, samples were dialysed after cavitation and centrifugation at 50 000 g without ammonium sulphate precipitation.
The dialysate was applied to a Red-Sepharose affinity column (1 cmi10 cm) that had been equilibrated with 50 mM Tris\HCl, pH 7.5. The column was washed with 100 ml of equilibration buffer, and proteins were eluted with a linear NaCl gradient 0-2 M in 0.5 litre of equilibration buffer, flow rate 2 ml\min. Dehydroascorbic acid-reducing activity was eluted with 0.8-1.0 M NaCl. Fractions with activity were pooled and concentrated to 0.7 ml in a centrifugal concentrator (Amicon).
The concentrated sample was analysed by gel filtration at a flow rate of 0.5 ml\min on a Superdex 75 HR column (1.0 cmi50 cm) equilibrated with 50 mM Tris\HCl, pH 7.5. Dehydroascorbic acid-reducing activity was eluted as a lowmolecular-mass species that required glutathione but no longer required NADPH for activity. The eluted protein was concentrated by centrifugal ultrafiltration (Amicon) and centrifuged at 10 000 g for 10 min. The supernatant was injected into an HPLC system connected with a C ") column (4.6 mmi250 mm, Vydac) that had been equilibrated with 10 mM sodium phosphate, pH 7.0. The proteins were eluted with a linear gradient of 0-50 % acetonitrile in the same buffer for 50 min at a flow rate of 1 ml\min. Fractions of 1 ml were collected and acetonitrile was removed by evaporation. A single peak with a retention time of 41 min exhibited dehydroascorbic acid-reducing activity. SDS\ PAGE was used to confirm homogeneity of the HPLC peak.
Silver staining
Silver staining was performed with commercially available materials (Bio-Rad).
Sequencing of isolated protein
Approx. 20 µg of the homogeneous protein was dissolved in 100 µl of denaturing buffer, pH 8.3, containing 6 M guanidine\HCl, 100 mM Tris\acetate and 1 mM EDTA. The sample mixture was incubated at 37 mC for 60 min. Dithiothreitol solution (10 µl ; 200 mM) was added and the sample purged with nitrogen gas. Iodoacetate solution (15 µl ; 15 mM) was added and the sample purged again with nitrogen gas. This Scarboxymethylated protein was dissolved in 100 µl of 100 mM NH % HCO $ , pH 8.5, and the dissolved sample was digested with trypsin (50 : 1, substrate\trypsin) for 2 h. The trypsin-digested sample was fractionated by HPLC (Waters 626) connected to a C ") reverse-phase column (Vydac). The resulting peptide fragments were analysed by laser desorption mass spectroscopy. Suitable peptide fragments were sequenced (Applied Biosystems Sequencer) [19] .
Immunoblotting
SDS\PAGE analyses were performed with the Laemmli system [20] . Immunoblotting (Western blotting) was performed as described [21] using blotting modules (NOVEX). Antibody to purified dehydroascorbic acid-reducing activity (glutaredoxin) was raised in rabbits. Rabbit antiserum was used as the primary antibody, and peroxidase-conjugated goat anti-rabbit IgG serum was used to reveal the protein band [22] .
DNA cloning and sequencing
Poly(A) + RNA was isolated from 2i10) human neutrophils with an oligo(dT) column as described [23] . Isolated poly(A) + RNA was used to construct a cDNA neutrophil library in UniZap vector (Stratagene).
Human neutrophil glutaredoxin was amplified by PCR (Perkin-Elmer). Forward and reverse primer sets were synthesized (DNA Synthesizer model 380 B, Applied Biosystems). The primers were designed for accurate expression and manipulation of cloned protein. Each set contained nucleotide sequences complementary to possible codon combinations for the selected amino acid sequence. Forward primers corresponded to amino acids 1-7 of human thioltransferase [24] and were composed of sequences 5h-CATATGGC(ACGT)CA(AG)GA(AG)TT(TC)G-T(ACGT)AA(CT)-3h. Three nucleotides, CAT, were present at the 5h end to generate an NdeI site. Reverse primers corresponded to amino acids 100-106 of glutaredoxin plus the termination codon TAA and were composed of the sequences 5h-TTA-(CT)TG(TGC)AG(AGC)GC(TGC)CC(AGT)AT(TC)TG-(TC)TT-3h. PCR was performed with these primer sets and the human neutrophil library as template.
Amplified DNA was subjected to electrophoresis on a 1 % (w\v) agarose gel. DNA fragments of approx. 300 bp were isolated from the gel and cloned into TA-vector (Invitrogen). The nucleotide sequences of cloned DNA fragments were determined by double-strand sequencing (Sequenase, United States Biochemical).
Expression and purification of recombinant human glutaredoxin
The TA-plasmid containing the human glutaredoxin gene was double digested with NdeI and EcoRI and the digested DNA fragment was subjected to electrophoresis on a 1 % agarose gel. The gene isolated from the gel was ligated to the expression vector pET (Novagene), which had been previously digested with NdeI and EcoRI. Expression vector with ligated glutaredoxin was transformed into host bacteria Escherichia coli BL21 (LyS). Bacteria containing the expression plasmid (human glutaredoxinpET) were cultured overnight at 37 mC in Luria-Bertani medium supplemented with ampicillin (100 µg\ml), transferred to fresh medium, and further cultured with vigorous shaking. When culture D '!! was approx. 0.7, isopropyl-β--thiogalactoside was added to a final concentration of 0.5 mM. After 4 h of induction, bacteria were collected by centrifugation and the pellet was frozen at k70 mC.
Purification of the expressed protein was performed at 4 mC unless otherwise indicated. Approx. 2 g of frozen bacteria were resuspended in 20 ml of 50 mM Tris\HCl, pH 7.8, containing 1 mM PMSF, 5 µg\ml aprotinin and 1 µg\ml leupeptin. Bacteria were disrupted by sonication (Kontes) and cell debris was sedimented by centrifugation at 23 000 g (4 mC) for 20 min. The resulting supernatant was incubated for 10 min in a water bath at 75 mC. Denatured proteins were removed by centrifugation at 23 000 g (4 mC) for 20 min, and the supernatant was dialysed overnight in 10 mM phosphate buffer, pH 6.5. The dialysate was applied to carboxymethyl-Sepharose (1.0 cmi10 cm) equilibrated with 10 mM phosphate buffer, pH 6.5. The column was washed with 50 ml of 10 mM phosphate buffer, pH 7.5. Bound proteins were eluted with a linear NaCl gradient of 0-0.5 M in 200 ml of 10 mM phosphate buffer, pH 7.5, at a flow rate of 2 ml\min. Fractions with dehydroascorbic acid-reducing activity were pooled and concentrated with a centrifugal concentrator (Centricon). The concentrated sample was applied to a Superdex 75 HR column (Pharmacia) equilibrated with 50 mM Tris\HCl, pH 7.5, at a flow rate of 0.7 ml\min. Eluted protein containing reducing activity was homogeneous by SDS\PAGE and was stored at k70 mC until used.
RESULTS
Characterization of dehydroascorbic acid-reducing activity in neutrophil lysates
Normal human neutrophils were disrupted by nitrogen cavitation and tested for dehydroascorbic acid-reducing activity by measuring ascorbate formation from added dehydroascorbic acid (Table 1) . Undialysed lysates had background ascorbate from endogenous ascorbate in neutrophils, as expected [1] . Lysates were dialysed to decrease background ( Table 1 ). The amount of reducing activity was similar in dialysed and undialysed samples. Both dialysed and undialysed lysates had maximal dehydroascorbic acid reduction with glutathione and NADPH, and chemical reduction by these agents alone could not account for the results. Protein-mediated reduction was 10-20-fold more than glutathione-mediated reduction at glutathione concentrations as high as 8 mM (results not shown). Neither NADPH nor NADH alone had any effect on reduction, and reduction with NADH plus glutathione was identical with reduction with glutathione alone (results not shown). Reducing activity was similar in lysates compared with the equivalent number of intact cells, and more than 90 % of activity was cytosolic and not membrane-bound [2, 7] (Table 1 ) (results not shown). Reducing activity in crude neutrophil lysates was linearly dependent on time and lysate amount ( Figure 1 ). The results imply that the reducing activity is protein-mediated because activity was nondialysable and could not be accounted for by glutathione and\or NADPH.
Isolation and characterization of dehydroascorbic acid-reducing activity
Reducing activity was purified from neutrophils that had been Dialysate (pmol per 10 µl)
Figure 1 Characteristics of dehydroascorbic acid-reducing activity in neutrophil lysates
Effect of incubation time (top panel) and lysate amount (bottom panel) on dehydroascorbic acidreducing activity. Cell concentration in neutrophil sample lysates was 2i10 8 cells per ml. Reducing activity was measured as described in Table 1 and represented pmol of ascorbate per 10 µl of final volume. Reaction concentrations were : NADPH, 0.4 mM ; glutathione, 0.8 mM ; dehydroascorbic acid, 0.4 mM. Lysates were not dialysed. Chemical activity was subtracted from total reducing activity to yield protein-mediated activity (see Table 1 cavitated and dialysed. The activity was isolated to homogeneity by ammonium sulphate precipitation, application to a RedSepharose affinity column, gel filtration and HPLC ( Table 2 ). Activity that eluted at the gel filtration step and thereafter no longer was augmented by NADPH. The glutathione requirement persisted, and the activity was heat stable (results not shown). On analysis by HPLC, reducing activity corresponded to only one HPLC peak. The peak contained only one protein that was homogeneous by SDS\PAGE, with detection by Coomassie Blue and silver staining. The molecular mass was approx. 11 kDa (Figures 2A and 2B) . The specific activity of the purified protein was 3 µmol\min per mg of protein (Table 2) .
Polyclonal antibody was prepared by injecting purified dehydroascorbic acid-reducing activity into rabbits. Protein
Table 2 Purification of dehydroascorbic acid-reducing activity from neutrophils
The concentration of neutrophils in lysates was (2-3)i10 8 /ml. Total units of activity represent µmol of ascorbate formed per min. See the Experimental section for details. Adjusted activity reflects contribution of the NADPH-dependent fraction to reducing activity at the gel filtration step and protein loss at the C 18 HPLC step (see text for details). Glutathione reaction concentration was 0.8 mM, NADPH reaction concentration was 0.4 mM and dehydroascorbic acid reaction concentration was 0.4 mM. Chemical activity was subtracted from total reducing activity to yield protein-mediated activity (see Table 1 samples from different steps of the purification procedure were analysed by Coomassie staining and by Western blotting ( Figures  2A and 2C ). These results confirm that the reducing activity is present at all phases of the purification from normal neutrophils as predicted. Biochemical properties of the purified reducing activity were characterized. For glutathione the apparent K m was 2.0 mM and V max was 5 nmol\min per µg of protein ( Figure 3, top panel) . For dehydroascorbic acid the apparent K m was 250 µM and V max was 6 nmol\min per µg of protein ( Figure 3, middle panel) . The protein showed maximal activity at pH 7.5 and above ( Figure 3 , bottom panel). The purified protein had no requirement for NADPH (results not shown).
Identification of dehydroascorbic acid-reducing activity
To identify the activity, isolated protein was subjected to trypsin digestion. Two isolated peptide fragments were sequenced by Edman degradation [19] . A search of the Swiss Protein Database revealed that the sequence of the first peptide was completely identical with human glutaredoxin residues 14-26, and the sequence of the second peptide was 94 % similar to human glutaredoxin residues 77-93 (Figure 4) [24] . All other peptide fragments prepared for sequencing could be matched to human glutaredoxin sequences based on the molecular mass of the fragments analysed by laser desorption mass spectroscopy compared with predicted glutaredoxin sequences (results not shown). These results indicate that glutaredoxin is responsible for at least part of the dehydroascorbic acid-reducing activity in human neutrophils.
Cloning and expression of human glutaredoxin
Cloning of glutaredoxin from neutrophils and characterization of recombinant protein activity could provide further evidence for glutaredoxin's role in dehydroascorbic acid reduction. By using a neutrophil library, degenerate oligonucleotide primers based on the amino acid sequence, and PCR, glutaredoxin was cloned and sequenced ( Figure 5 ). Degenerate oligonucleotides were used because human cDNA was not available at the time that this work was begun. The nucleotide sequence for glutaredoxin reported here is not completely identical with a recently reported human sequence [25] . There were differences at codons 225, 285 and 286, and a change from Val-96 to Leu in the previously predicted amino acid sequence [25] .
Recombinant human neutrophil glutaredoxin was expressed in E. coli BL21 containing pET-glutaredoxin plasmid. Expressed recombinant glutaredoxin was purified and detected by Coomassie staining and by Western blotting (Figures 6A and  6B ). The specific activity of purified glutaredoxin for dehydroascorbic acid reduction was 3 µmol\min per mg of protein, similar to that of native glutaredoxin ( Table 2 ). The kinetic properties of recombinant glutaredoxin were virtually indistinguishable from those of the native enzyme (Table 3) . Maximal recombinant enzyme activity was observed at pH 7.5 (results not shown), similar to findings with native enzyme (Figure 3 , bottom panel). These data indicate that expressed and native glutaredoxin are essentially identical with respect to dehydroascorbic acid reduction and immunological detection.
Role of glutaredoxin in dehydroascorbic acid reduction in neutrophil lysates
It was possible that other proteins that used NADPH were involved in dehydroascorbic acid reduction. This is because the initial reducing activity in neutrophil lysates was dependent on
Figure 3 Characteristics of purified dehydroascorbic acid-reducing activity
Top and middle panels : Lineweaver-Burk displays of isolated purified dehydroascorbic acidreducing activity for reduced glutathione (top panel) and dehydroascorbic acid (middle panel). Assay conditions were as described in Table 1 and in the Experimental section. Activity was determined as pmol of ascorbate per min per µg of protein. Results represent meanspS.D. for at least three samples ; S.D. is not shown when smaller than point size. Chemical activity was subtracted from total reducing activity to yield protein-mediated activity (see Table 1 and
Figure 4 Sequence comparison between peptides of trypsin-digested dehydroascorbic acid-reducing activity and human thioltransferase (glutaredoxin)
The two underlined fragments were compared. The upper sequences were determined from amino acid sequencing of pure dehydroascorbic acid-reducing activity, and the lower sequences are those of human thioltransferase (glutaredoxin) [24] .
Figure 5 Nucleotide sequence and deduced amino acid sequence of human neutrophil glutaredoxin
The nucleotides are numbered 5h to 3h (upper numbers in parentheses at the right) and amino acids are numbered from N-terminus to C-terminus (lower numbers in parentheses at the right).
glutathione and NADPH for maximal activity (Table 1) , and the NADPH requirement was lost after gel filtration (see Table 2 ). There are two general possibilities to explain the NADPH effect on dehydroascorbic acid reduction : NADPH could be required either for a completely separate reduction pathway or as part of the same pathway.
We investigated the relationship between glutaredoxin and the requirement for NADPH. NADPH had no effect on purified glutaredoxin in the presence or absence of glutathione (results not shown). Because the NADPH effect was present in crude lysates and was lost after gel filtration, purified glutaredoxin was tested for reducing activity with other fractions from gel filtration ; one fraction restored the NADPH requirement. On addition the Experimental section). Dehydroascorbic acid concentration was 400 µM in the top panel and glutathione concentration was 4 mM in the middle panel. Bottom panel : effect of pH on isolated dehydroascorbic acid-reducing activity. Activity represents pmol of ascorbate per 10 µl of final volume as described in Table 1 . The following buffers (100 mM) were used : Mes (pH 6.5-7.5) ; Tris/HCl (pH 7.5-8.5) ; phosphate (pH 8.5-9.5). Chemical activity was subtracted from total reducing activity to yield protein-mediated activity (see Table 1 and the Experimental section). Dehydroascorbic acid concentration was 0.4 mM and glutathione concentration was 0.8 mM. of this fraction, NADPH, purified glutaredoxin and glutathione, reduction of dehydroascorbic acid was 3-5-fold greater than with glutaredoxin and glutathione. These findings recapitulate those with neutrophil lysates (Table 1) . When glutaredoxin was omitted, only background chemical reduction occurred ; the NADPH-requiring fraction did not reduce dehydroascorbic acid unless glutaredoxin was also present. With the use of glutaredoxin to assay NADPH-mediated reducing activity, partial purification revealed that the active fraction contained 6-phosphogluconate dehydrogenase and glutathione reductase activities (results not shown ; J. B. Park and M. Levine, unpublished work). All of these results indicate that proteins using NADPH augment glutaredoxin activity but have no independent reducing activity of their own : glutaredoxin must be present for reducing activity.
It was investigated whether glutaredoxin is a major mediator of dehydroascorbic acid reduction. First, the contribution of glutaredoxin to dehydroascorbic acid reduction was estimated from activity-based protein purification (Table 2 ). Initial reducing activity was diminished by one-third at the end of the RedSepharose step. After gel filtration, activity decreased approx. 4-fold ( Table 2 , column 2). At this step NADPH-requiring activity was lost, but one fraction contained the NADPH-requiring activity as described above. When this fraction was combined with the active reducing fraction, reducing activity was 2400 nmol\min (Table 2 , column 4). At the C ") HPLC step, approx. 90 % of the reducing activity was lost ( Table 2 , column 2). Nearly all of this loss could be accounted for by irreversible
Table 3 Kinetic analyses of dehydroascorbic acid reduction by native and recombinant human neutrophil glutaredoxins
Glutathione and dehydroascorbic acid concentrations were as described in Figure 3 (top and middle panels) . The experiments were repeated three times with similar results.
Glutathione
Dehydroascorbic acid The protein concentration of each lysate was 10 mg/ml. Reducing activity was measured as described in Table 1 . Chemical activity was subtracted from total reducing activity to yield protein-mediated activity (see Table 1 and the Experimental section). Values are meanspS.D. for at least three samples.
binding of glutaredoxin to the column or by glutaredoxin oxidation (results not shown). Adjusted activity for column losses and the contribution of the NADPH fraction shows that at least 47 % of the reducing activity is glutaredoxin dependent ( Table 2 , column 4). These results were obtained during protein purification, with a goal of protein purity at the expense of lost activity, and therefore underestimate the contribution of glutaredoxin to total dehydroascorbic acid-reducing activity. Normal human neutrophils reduce dehydroascorbic acid 5-10-fold faster than human myeloid tumour cells [2, 7] . One possible explanation for this finding is that myeloid tumour cell lines lack glutaredoxin. Therefore another means of investigating the role of glutaredoxin in dehydroascorbic acid reduction was to measure dehydroascorbic acid-reducing activity in normal neutrophil and myeloid tumour line lysates, and to determine by Western blotting whether glutaredoxin was present in the same lysates. Dehydroascorbic acid-reducing activity was highest in neutrophil lysates and decreased approx. 80 % in myeloid tumour line lysates ( Figure 7 , lower part). Western blotting revealed that glutaredoxin was present in neutrophil lysates but was not detected in the tumour line lysates (Figure 7, upper part) . These results suggest that glutaredoxin plays a major role in dehydroascorbic acid reduction in neutrophil lysates.
Glutaredoxin inhibitors [26, 27] were used as the third means of investigating the contribution of glutaredoxin to dehydroascorbic acid-reducing activity in neutrophil lysates. Neutrophil lysates were preincubated with inhibitors, with subsequent addition of glutathione plus NADPH or glutathione alone (Table 4 ). All inhibitors inhibited at least 46 % of the dehydroascorbic acidreducing activity under both conditions. Iodoacetamide was the most effective inhibitor. These results could not be explained by
Table 4 Inhibitors of dehydroascorbic acid reduction in neutrophil lysates
Dehydroascorbic acid reduction was determined in dialysed cell lysates. Inhibitors (1 mM) were preincubated with lysates for 30 min before the addition of 0.8 mM glutathione, 0.4 mM dehydroascorbic acid and 0.4 mM NADPH as indicated. Reducing activity (pmol of ascorbate per 3 min per 10 µl) was measured as described in Table 1 . Chemical activity was subtracted from total reducing activity to yield protein-mediated activity (see Table 1 the effects of iodoacetamide on glutathione because iodoacetamide did not change glutathione concentrations (results not shown). In the presence of NADPH the reducing activity was higher, consistent with earlier findings (Table 1) . Nevertheless, the percentage inhibition of reducing activity was similar in the presence or absence of NADPH. These findings provide additional evidence that glutaredoxin is a major mediator of dehydroascorbic acid reduction in neutrophil lysates and that glutaredoxin is required for NADPH to increase dehydroascorbic acid reduction.
DISCUSSION
The results in this paper describe the first activity-based purification and identification of dehydroascorbic acid-reducing activity as glutaredoxin in human neutrophil lysates and provide new evidence for the function of glutaredoxin in humans [28, 29] . The data indicated that reduction was protein-mediated, because reduction by dialysed and non-dialysed neutrophil lysates was similar. Protein-mediated reduction was 10-20-fold greater than chemical reduction by glutathione. Using activity-based purification and amino acid sequencing we identified that at least part of the protein-mediated reducing activity was glutaredoxin. This conclusion was strengthened by cloning glutaredoxin from a human neutrophil cDNA library and expressing the cloned protein. The properties of the cloned protein for dehydroascorbic acid reduction were nearly identical with those of native glutaredoxin. Isolation of glutaredoxin based on its activity, and
Figure 8 Dehydroascorbic acid reduction in human neutrophils : a model
NADPH is generated from glucose by glucose 6-phosphate dehydrogenase (G-6-P-D) and 6-phosphogluconate dehydrogenase (6-P-G-D). NADPH is used by glutathione reductase (GRD) to regenerate glutathione (GSH) from glutathione disulphide (GSSG). Glutathione is essential for glutaredoxin (GRX) reduction of dehydroascorbic acid (DHA) to ascorbate (AA). NADPH can increase glutaredoxin activity via glutathione reductase, but NADPH is not essential for dehydroascorbic acid reduction. However, if glutaredoxin is absent, dehydroascorbic acid reduction will not occur. See text for additional details.
cloning and expression of glutaredoxin from the same cell type used for protein isolation, provide evidence that glutaredoxin plays at least a partial role in dehydroascorbic acid reduction in human neutrophil lysates. Additional experiments indicated that glutaredoxin was a major participant in the process of dehydroascorbic acid reduction. Results from protein purification suggest that glutaredoxin was responsible for approx. 50 % of initial dehydroascorbic acid reduction, and these results underestimate the contribution of glutaredoxin. Results from neutrophil and myelocyte tumour cell lysates showed that protein-mediated reduction was more than 5-fold higher in neutrophil lysates. Corresponding Western blots indicated that glutaredoxin was detectable in neutrophils but not in tumour cells. Dehydroascorbic acid reduction in neutrophil lysates was inhibited by at least 46 % by glutaredoxin inhibitors [25, 27] , and inhibition occurred in the presence or absence of NADPH. The contribution of glutaredoxin to overall reduction is even greater than these results indicate because they were not adjusted to account for protein dilution during lysate preparation.
The effects of NADPH provide further evidence that glutaredoxin is responsible for most of the dehydroascorbic acid reduction in neutrophil lysates. NADPH was required with glutathione for maximal reducing activity in neutrophil lysates. During activity-based purification, the NADPH-requiring activity was lost after gel filtration and was recovered in a fraction from gel filtration. For the fraction to show activity, glutaredoxin was absolutely necessary. Without glutaredoxin the NADPHrequiring fraction had no effect on dehydroascorbic acid reduction. Inhibition of dehydroascorbic acid reduction by inhibitors was similar in the presence or absence of NADPH, again suggesting that glutaredoxin is necessary for NADPH to increase reduction.
These results suggest that glutaredoxin mediates most dehydroascorbic acid reduction. We also found that 6-phosphogluconate dehydrogenase activity and glutathione reductase activity were present in the NADPH-requiring fraction from gel filtration. A model is shown in Figure 8 that accounts for all of the experimental observations and places glutaredoxin in a framework of dehydroasorbic acid reduction. Glutaredoxin is the final protein in the reduction pathway. NADPH formed by 6-phosphogluconate dehydrogenase activity could be used to reduce glutathione disulphide. Glutathione could then be available for glutaredoxin. NADPH could increase glutaredoxin activity by increasing glutathione, but reduction does not occur without glutaredoxin. Experiments are in progress to identify conclusively the protein or proteins responsible for increasing glutaredoxin activity, and the mechanism of interaction with glutaredoxin.
The model predicts that the NADPH-requiring fraction in neutrophil lysates serves to maintain glutathione and to prevent formation of the oxidized species glutathione disulphide. As expected, NADPH was no longer required for dehydroascorbic acid reduction in neutrophil lysates at glutathione concentrations above 5 mM (results not shown).
The results in this paper indicate the importance of activitybased purification and specific assays for ascorbate and dehydroascorbic acid. Isolated glutaredoxin or protein disulphide isomerase will reduce dehydroascorbic acid with glutathione [13] . However, there was no evidence that protein disulphide isomerase was involved in reduction in neutrophil lysates. Protein-dependent glutathione-mediated reducing activity never segregated into fractions with different molecular masses, and the protein requirement for glutathione was isolated distinctly as one protein.
At several steps, protein reducing activity was not consistent with the molecular mass of protein disulphide isomerase. Other investigators isolated a new 31 kDa reducing protein distinct from glutaredoxin and protein disulphide isomerase [30] . However, the assay used to measure reducing activity was not specific. Without clear results for ascorbate formation, the role of this protein in dehydroascorbic acid reduction is uncertain. The experiments here avoid these problems by using activity-based purification, specific assays for ascorbate and dehydroascorbic acid, and freshly prepared pure substrate. Activity-based purification provides new information that glutaredoxin plays a major role in dehydroascorbic acid reduction in neutrophil lysates. Nevertheless it remains possible that protein disulphide isomerase, the 31 kDa reducing protein, or other proteins reduce dehydroascorbic acid in other tissues.
Dehydroascorbic acid reduction in neutrophil lysates was primarily protein-mediated and not mediated by glutathione. It was suggested that unpurified enzymic reducing activities from other tissues were not as effective as glutathione-mediated reduction [14, [31] [32] [33] . However, the specific activity of purified neutrophil glutaredoxin (Table 2 ) was as much as 1000 times greater than the other unpurified enzymic reducing activities [14, [31] [32] [33] . Although dehydroascorbic acid-reducing activity was accounted for by glutathione alone in several mammalian systems [14, [34] [35] [36] , these findings can be questioned. The tissues chosen for study might not have been ideally enriched in putative enzymic activity. Homogenization of tissue leads to many-fold dilution of intracellular contents. An enzymic process that could occur in an intracellular volume could be masked by dilution of more than 10-fold, intra-assay pH changes and a concurrent non-enzymic chemical contribution, especially with glutathione concentrations not less than 5 mM [11, 14, 37] . Nevertheless the contribution of glutathione-mediated compared with proteinmediated reduction could vary in different tissues, and chemical reduction by glutathione could play a major role in some tissues. It is also possible that intracellular dehydroascorbic acid could be reduced chemically by other reducing agents, but their identities are obscure.
The distribution of glutaredoxin in many tissues in comparison with dehydroascorbic acid reduction is unknown, and should be investigated. It will be worth while to study further the contribution of glutaredoxin to reduction reactions in normal and tumour cells, and to characterize the regulation of glutaredoxin under different conditions.
